This work aimed to investigate the evolution of a counter-rotating vortex pair (CVP) in a flow-mixing configuration designed to explore the interaction of selected vortical structures. A CVP is shed from an expansion ramp mounted on a strut injector in a Mach 2.5 flow. Shear flow at the plume's edges is due to sonic, parallel injection throughout the thin port located at the base of the ramp. The investigation was conducted in the supersonic wind tunnel at the Aerodynamics Research Center of the University of Texas at Arlington. Stereoscopic particle image velocimetry was the technique adopted to probe the resulting flowfields. A mixture of air and tracer particles (TiO 2 , nominal diameter 20nm) was injected at a nominal jet-to-freestream momentum flux ratio of 0.27, corresponding to a total pressure of 1atm in the injector's plenum. Mean flowfield data were obtained at three different cross-planes (10, 16 and 32 ramp's heights downstream of the injection point) and, at two selected streamwise planes. The dominant effect of the generated CVP (one order of magnitude stronger than the spanwise rollers) profoundly impacted the plume morphology. 
I. Introduction
tringent preconditions for future hypersonic flights require low total pressure losses of the flow through the engine and short combustor lengths in order to maximize the thrust and minimize drag. Hypersonic airbreathing flight vehicles, such as the scramjet, are characterized by extremely small flow residence times in the engine that hinder the fuel/air mixing process.
Streamwise vortices in supersonic flow have been studied due to their enhanced mixing capabilities when compared to planar shear layers, since they resulted weakly affected by compressibility effects 1 . Mixing enhancement with streamwise vortices is achieved by the entrainment of the surrounding air into the fuel plume, and subsequent stretching of the fuel/oxidizer interface.
The simplicity associated with the generation of streamwise vortices in supersonic flow, drove many research efforts towards the analysis of their effects on both reacting and non-reacting flows. Streamwise vortices can be produced in different ways: either by the shear between a jet and the cross stream 3 (i.e., transverse injection) or by employing physical devices as vortex generators (i.e., ramps). Many ramp geometries have been considered in the past: expansion ramps 4 , compression ramps 5, 6 , compression/expansion 7 ramps, cantilevered ramps 8 ; all of these configurations could be improved either by properly placing and shaping the injection ports 9, 10 , either by adding a sweep angle on the sides 11 . Vorticity generation mechanism on contoured devices is mainly caused by the so called cross-stream shear 12 . A counter-rotating vortex pair, or CVP, is shed from the trailing edge of the ramp, evolving in the axial direction of the freestream and promoting the entrainment of the surrounding flow 13 . One of the peculiar features of both incompressible and compressible vortices, is their mutual interaction capability which is responsible for the variation of their spatial displacement in the flowfield; as an example, the mutually induced velocity of the vortices in the CVP, forces the system to move upward (or downward, depending on the sign of the circulation).
In an effort to produce a more efficient molecular mixing of fuel and air in low aspect-ratio combustors 14, 15 , recent advances in complex supersonic injectors designs (i.e., hypermixers 10, 14, 16 ) showed promising results. Hypermixers could increase either the flow momentum in the direction of the thrust, either the mixing effectiveness by means of the proper placement of vortex generators on the body. The behavior of these vortical structures are then an important factor in the design and in the subsequent operation of a scramjet vehicle throughout its flight envelope. Despite this recognized importance, only few systematic studies on the complex dynamics of interacting streamwise vortical structures have been conducted in previous work 17 . The present experimental work is focused on characterizing the vortical structures in the highly threedimensional flowfield produced by a strut injector equipped with one expansion ramp in a Mach 2.5 flow. A counter-rotating vortex pair was generated downstream of the ramp: circulation, position and entrainment characteristics of the CVP were probed. The streamwise flow structure was analyzed as well. Stereoscopic particle image velocimetry was employed as the flow diagnostic technique in the investigation.
II. Experimental setup

A. Test Facility
All the tests were conducted in the supersonic wind tunnel of the Aerodynamics Research Center (ARC) at the University of Texas at Arlington. The tunnel is a blow-down type tunnel equipped with a variable Mach number supersonic nozzle, which was set at Mach 2.5 for the present experiments. Air expanded through the nozzle, flows through a 15.2x11.4x76 cm 3 test section. The test section is equipped with three optical accesses, two windows on the sides and one on the top. The valve upstream of the reservoir was automatically actuated by a PID (proportionalintegral-derivative) controller to ensure a nearly constant total pressure during the runs. The stagnation conditions adopted in the experiments (p 0 =550kPa, T 0 =300K) allowed steady run times of approximately 20s each. The Reynolds number per unit length was 5.29x10 7 1/m. The CAD model of the test section is shown in Figure 1 -A. The leading edge weak shock did not impinge on the injector according to preliminary calculations shown in Figure 1 -B leaving the strut in a shock-free area. Figure 1 -B was utilized to identify and select specific, shock-free, regions of the resulting flowfield suitable for the observation of the imposed vortical dynamics. This initial assessment was subsequently confirmed by shadowgraphs image data. 
B. Strut Injector and Ramp Design
The injector has a strut-type body mounted in the middle plane of the supersonic wind tunnel test section and spanned its entire width. The body of the strut was rapid prototyped in carbon fiber. The strut injector design is shown in Figure 2 . Sonic injection took place through the thin opening located on the symmetry plane at the trailing edge of the injector. The injection slit was designed to produce a nearly two-dimensional plume due to the thin opening of the injection port (101.6x0.5 mm 2 ). To avoid any possible interaction with the incoming boundary layer on the sides of the tunnel, 2.54cm were allowed between the injection port and the side walls. The strut injector is intended to serve as a modular platform that allows multiple ramp configurations (i.e. number of ramps, type of ramps with resulting vortex strength and size, and relative distance) in order to study the evolution and the dynamics of pre-imposed vortical systems. Figure 3 schematically shows a possible positioning of the ramps (3-ramp configuration) and a detail of the injection slit. A requirement dictated by the scope of this investigation was to create an observable (by the employed instrumentation and methods) dynamics of the vortical structures. For this reason, one fundamental aspect of the injector's design was the proper sizing of ramp's geometry. Works on injection and mixing in supersonic flows, in fact, suggested that the circulation of the shed vortices could be expressed as a function of the freestream velocity, height and expansion angle of the ramp 12, 18 . The chosen geometry resulted in the unswept, expansion-ramp depicted in Figure 3 .
Leading edge shock
To estimate the expected circulation of the vortices forming downstream of the ramp, the proportionality relation 18 in Eq. 1 was used.
Γ~ 1
The predicted circulation was on the order of 1m 2 /s. TiO 2 nanoparticles were chosen after a careful experiment design. The choice of the proper particles to be used in the experiments was crucial to match the stringent flow tracking requirements in supersonic flow. A simplified approach for the calculation of the relaxation time was used. In the absence of a shock test 19 , the relaxation time in a compressible wake was evaluated as follows 20 (Eq. 2).
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where:
The smallest particle diameter was 20nm. To produce a more conservative estimate, the previous calculation was performed considering the largest cluster particle, which diameter is 0.25μm, based on factory data available from Due to the small size of the particles, the calculated relaxation time was 0.02μs. The particle's tracking capability was defined by evaluating the Stokes number (Eq. 4).
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The flow time, τ f , used in the calculation is the lapse needed for the supersonic flow to cover the distance equivalent to 32h beginning from the injector slit; the same distance also marked the limits of the probed area (see section II. C.).
The spanwise flowfields probed in this work were characterized by the presence of the generated vortices. For this reason, the assessment of the flow tracking capabilities of the candidate particles in the presence of a vortical field was crucial. When a particle is located at the edge of a viscous vortex core, it experiences a centrifugal force due to its nonzero mass. Lang 21 proposed an analysis of the phenomenon by calculating the dynamics of a particle positioned at the edge of a vortex core rotating as a solid body. The same analysis was applied to the present experiment (expected vortex size and circulation values). The outcome was the calculation of the trajectory of different flow trackers in a selected time interval in an effort to compare different particles in terms of the maximum variation of their position (with respect to a hypothetical zero-mass particle) in time due to the effect of the centrifugal force. The time interval was set equal to the flow time. The value of the circulation used in the calculation was approximately 1m 2 /s and the core radius was 3mm. The trajectories of the particles are shown in Figure 5 . It is noteworthy that TiO 2 nanoparticles possess excellent tracking capabilities in a vortex field when compared to other trackers.
PIV measurements have been performed both in the streamwise and spanwise planes; Figure 6 shows the PIV setup adopted in the experiments. Particles were delivered either through the injection port of the strut, either by seeding the entire flowfield. The choice of injecting particles from the strut was justified by the requirement to mark, track and visualize the evolution of the plume in the freestream. Full field seeding was employed for the wake flow studies presented in section III. A. and for entrainment measurements (see section III. C.). The particles were heated for approximately 30min before the wind tunnel test to avoid agglomeration due to humidity.
Some of the images were characterized by an uneven particle density, therefore, the laser power had to be properly adjusted to avoid overexposure of the images. As a remark, it is necessary to point out that a compromise had to be found between accuracy and feasibility of the measurements: the less power is given to the laser light, the smaller is the scattered light pattern on the CCD. This problem could increase the chance of peak lock. Peak lock, however, could produce errors on flow statistics while leaving the average flowfields essentially unaffected 22 . Time averaged measurements were created by collecting approximately 300 instantaneous flow fields per each spanwise and streamwise sections. Additional spanwise flowfields measurements were also carried out by seeding the full flowfield; for these experiments approximately 100 flowfields per section were taken. The interrogation window adopted for the post processing was 32x32 px 2 with 75% overlap to satisfy the Nyquist criterion for the velocity sampling.
D. Test Matrix
All the experiments were carried out with a single value of the jet-to-freestream momentum flux ratio (i.e., 0.27). The jet-to-freestream momentum flux ratio is defined as shown in Eq. 5.
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Each run of the supersonic wind tunnel provided approximately 50 usable image pairs. The freestream and injection conditions are listed in Table 1 . For the presented investigation, the injector was configured with only one ramp mounted at the center of the strut. 
A. Streamwise Surveys
The streamwise surveys were useful to inspect the longitudinal plume evolution in the flow. Two streamwise sections were analyzed in order to capture the plume when undisturbed (1) and when modified by the presence of the streamwise vortices (2) . In this last case, the symmetry plane of the strut injector was chosen. The coordinate system used is shown in Figure 7 . The entire flow was seeded for the present measurements. The plume was accelerated due to the shear between injectant and freestream. The variation of the centerline velocity of the plume was probed by analyzing the mean flowfields in both sections 1 and 2 ( Figure 8 and Figure 9 ). The velocity across the plumes followed a wake-like profile 23 . The results clearly show a noticeable effect of the CVP: the counter rotating vortices were bending upward the entire plume all along the probed area. This effect is due to the relative higher strength of the streamwise vortices with respect to the strength of the spanwise rollers formed at the plume/freestream interface. The circulation of the spanwise rollers was found on the order of 10 -1 m 2 /s both for the modified and the undisturbed plumes, as will be shown later; this is one order of magnitude less than the one expected for the streamwise structures (see section II. B.).
Once the complete flowfield was probed, the convective velocity was calculated. As a first approximation, its magnitude was estimated as the mean value between the freestream and the centerline velocity of the wake 24 , V w (Eq. 7). The plots in Figure 10 show the variation of the centerline velocity (Figure 10-A) , and the evolution of the convective velocity along the x coordinate. (Figure 10-B) . The shaded lines represent a third degree polynomial curve fit of the collected data. The wake acceleration seems to follow a similar trend in both streamwise sections, although a higher wake speed is noticed in the modified plume. The wake centerline velocity was defined as the minimum velocity in the flowfield. The convective velocity (calculated by employing the values of the freestream velocity in proximity of the wakes) followed a similar trend as the wake centerline, but its magnitude was approximately 20m/s higher at each point.
Instantaneous images show the presence of rollers in both plumes, as can be inferred from Figure 11 . The convective velocity trends obtained by means of the curve-fits, were then subtracted to the respective instantaneous flowfields in both sections to visualize the flow pattern around the large scale rollers in motion in the plume. The result of this investigation are shown in Figure 12 and Figure 13 . The concentration of vorticity in well defined zones can be considered as an evidence of the existence of coherent, large scale structures. Figure 12-1-A shows that the counter-rotating structures were positioned symmetrically with respect to the injection centerline (at z=0). Reverse flow due to the combined action of the structures spinning towards opposite directions can be noticed in the centerline of the jet. Figure 12-1-B shows the detailed flowfield around one of the rollers: the streamlines closing around a point located roughly at the center of mass of the vorticity agglomeration, is an indication of the organized vortical motion in the shear layer. Figure 13 -2-A shows that the rollers located on the top of the modified centerline of the wake are, apparently, larger than those on the bottom (in red). The organized rotational motion in proximity of one roller is depicted in Figure 13 -2-B. Figure 14 shows the rollers captured in the whole field of view: red and blue areas indicate counterclockwise and clockwise vortices respectively. The strength (i.e., circulation) of the rollers was analyzed by probing recognizable structures between x=60mm and x=140mm in both instantaneous flow fields. Following a similar analysis performed by McCormick et al. 25 , the circulation was calculated by evaluating the flux of vorticity across a surface enclosing the cores of the vortices (Eq. 7). 2 /s at x=83mm to 0.2m 2 /s at x=122mm. The clockwise rollers (blue) followed a similar trend with inverted sign, weakening from -0.8m 2 /s at x=79mm to -0.4m 2 /s at x=112mm. A different behavior was found in the rollers of the modified plume (Figure 15-2) . Remarkable is the strengthening that the clockwise rollers experienced for x > 100mm; counterclockwise rollers could not be easily recognized downstream of the same axial coordinate. The scattered area in Figure 14 between x=140mm and x=160mm could be due to aberration produced by border effects of the camera or could indicate breakdown of the structures due to the stretching that the spanwise vortices were experiencing in the interaction with the streamwise vortices. Further investigations should be addressed to clarify the phenomenon.
B. Spanwise Surveys
The surveys were performed to study the evolution in space of the counter rotating vortex pair shed from the ramp. Figure 16 depicts the schematic of the configuration adopted in the measurements. Figure 17 shows a peculiar, mushroom-like geometry of the CVP flowfield at each station: the surfaces of the plume experienced a noticeable stretching due to the strain rates introduced by the CVP. Strain rate improves the transport of a scalar across an interface (i.e., discontinuity); if the concentration of injectant (or freestream) is taken as the scalar, strain rates directly affect mixing.
The circulation of the vortices in the mean flowfield was calculated as described in Eq. 8.
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The calculation was conducted for progressively increasing surfaces areas (i.e., concentric circles) around the vortices cores as depicted in Figure 18 , where the average vorticity contour of the streamwise vortices is also shown. The plots of the circulation against the radii of the circles are shown in Figure 19 . As can be inferred from Figure 19 , the curves reached a maximum value at different radii for each station, and this was considered as the actual circulation of the vortices.
The vertical position of the cores was calculated with respect to the centerline of the injection point (z=0). The results of the analysis are presented in Table 2 . The vortices were detected in the mean flowfield by means of the Lambda-2 method 26 . The velocity gradient tensor J is decomposed in its symmetric part -the strain rate tensor Sand the antisymmetric part, or the spin tensor Ω. The vortex core is defined as the region where S 2 +Ω 2 has two negative eigenvalues. Since S 2 +Ω 2 is real and symmetric, its eigenvalues are real. If the second eigenvalue, namely λ 2 (where λ 1  λ 2  λ 3 ), is negative in a region, the region belongs to a vortex core. The position of the cores detected by means of the described method was found to be approximately coincident with the point of maximum vorticity in the flowfield. The circulation of the vortices slightly decreased between 10h and 16, while experiencing a clear reduction between 16h and 32h; similar results could be found in previous works 27 . The overall penetration of the cores was approximately 6.5mm from 10h to 32h. The variation of the vertical position between 32h and 16h (approximately 4-5mm) resulted larger than the one between 10h and 16h (around 1-2.5mm). The distance between the cores changed from 16.6mm at 10h to 15.2mm at 16h to 11.8mm at 32h. This phenomenon is attributed to viscous dissipation, although, also the relative distance between the vortices could play a role in annihilating vorticity. Future experiments will be aimed to inspect this phenomenon. 
Cores vertical position Cores distance
C. Volumetric Entrainment measurements
The evaluation of the entrainment was needed to complete the characterization of the streamwise vortices in the flowfield. The volumetric entrainment was calculated as the maximum amount of fluid entering in progressively enlarging circular control volumes enclosing the CVP; a similar approach was previously adopted by Liepmann et al. 28 to measure volumetric entrainment in a turbulent jet. One of the concerns of the investigation was to define the role of the angle created by the streamwise vortex axis with the measurement plane on the modification of the measured spanwise velocity field. As a first approximation, it was assumed that the inclination of the vortex axis was coincident with the inclination of the modified plume in the streamwise plane. Figure 20 shows the streamlines and their local inclination in proximity of the plume at stations 10h and 16h. The data were corrected by dividing the z-component of the velocity at each station by the cosine of the corresponding angle. No noticeable differences between the uncorrected and corrected values of the velocity were found. To obtain the entrainment of the CVP only, the contribution of the undisturbed plume (Figure 21-A) was subtracted from the one calculated in presence of the CVP (Figure 21-B) . A schematic of a control surface (i.e., the circumference) used in the investigations is depicted in Figure 21 . Results are available for 100 concentric control surfaces which radii ranged from 0mm to approximately 16mm. The calculation of the volumetric entrainment was performed by means of (Eq. 9).
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Where V is, in this case, the two-dimensional velocity vector and n is the unit normal to the control surface in the y-z plane. The plots in Figure 22 show the variation of the volumetric entrainment with the radius of the control volumes. Note that negative values of the entrainment indicate flow outgoing the control surfaces. The maximum value of the volumetric entrainment was approximately 1.1m 2 /s at r=15.5mm; the entrainment per unit length of the control surface was 11m 2 /s/m. From the previous plot it can be inferred that the field of view necessary to perform the calculation should be much larger than the extent of the mushroom-like plume shape at each station (see section III. B.). This prevented the measurements to be conducted at 16h and 32h since the entrainment would have been negative. In order to clarify this aspect, Figure 23 shows the difference between the flowfields at 10h and 16h. A similar behavior of the counter-rotating vortex pair could be also retrieved in previous works 14 . Larger field of views will be employed in future works in order to clarify this characteristic of the flow generated by the streamwise vortices.
IV. Concluding Remarks
This work presented a study of the dynamics of the vortical structures present in the plume of a strut injector equipped with one ramp (used as vortex generator) in supersonic flow. Measurements of position, strength and entrainment capabilities of the streamwise vortices in the plume have been conducted. The conclusions that can be drawn from the results are listed below.
1. The injector's plume velocity field showed a wake-like profile in both undisturbed and modified flowfields 2. The wake in the modified field was found to be profoundly affected (bent upward, increased penetration and spreading) by the streamwise vortices shed from the ramp. 3. The maximum streamwise vorticity decayed from sections 10h to 32h. The circulation of the streamwise vortices stayed nearly constant between 10h and 16h while noticeably decreased at station 32h due to viscous dissipation. 4. Despite the weakening of the structures, the upward movement of the cores in the CVP resulted more consistent between 16h and 32h. The explanation could be found in the variation of the distance between Future work will utilize the methods and techniques developed during this investigation and will be focused on the dynamics of more complex vortical systems ( 2 and 3 ramps).
